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BERKELEY LAB
A X
y®
—
T
>

-«
-
-
-
L
A

z
arge vl at large rapidity
X
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Quark Polarization N

Unpolarized cross section:
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Polarized cross section:
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Liang & XNW, PRL 94 (2005) 102301
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Spin-orbital coupling N
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nonrelativistic limit: (mq > p,u)
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Liang & XNW, PRL 94 (2005) 102301



Transverse momentum dependence %
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(1 — P)mup
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Polarization rate Eq.

2E(E +m) — Pympup

mE(E +m)Pi — pyVap + p*K(qr/v/ af + 1)
TE(E+m) = Pip\/ap + 12K (gr/ /a7 + 1)

P?(QT)

Huang, Pas1 & XNW
PRC 84 (2011) 054910
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Consequences in A+A collisions %
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Globally Polarized thermal dilepton, J/W,
Hyperons and vector mesons

y® A x @

Liang & XNW, PRL 94 (05) 102301
Liang & XNW, PLB 629(05)20
Gao et al, PRC 77 (08) 044902



Spin polarization in equilibrium %
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Dirac Eq. hﬂu‘(}a,u T qu,u) — m] w(w) =0

Spin: vorticity coupling Magnetic coupling

f n-B
0Es = QW egh E,
H_E/ TP (B, + 5F,) - (E, + 6,
9 (27‘()3 p s p s
PBp . Of(E,)
~ E, p . |
/ (27T)35 oF, gradient expansion

Becattini & Ferroni, EJPC 52 (2007) 597, Betz, Gyulassy & Torrieri, PRC 76
(2007) 044901, Becattini, Piccinini & Rizzo, PRC 77 (2008) 024906, Beccatini,

Csernai & Wang, PRC 87 (2013) 034905, Xie, Glastad & Csernai, PRC 92 (2015)
064901, Deng & Huang, arXiv 1603.06117



CME/CVE and spin polarization q
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Chiral Magnetic Effect Kharzeev, McLerran, Warringa (2008),
Fukushima, Kharzeev, Warringa (2008)

Chiral Vorticity Effect Son, Surowka (2009), Kharzeev, Son (2011)

>

jH = fd“pV“ = nut + £w* + £3BH,

W

Jg" = fd“pﬂ“ — n5u“ + 550)# . fBSB#'

R (L) fermion’s spin parallel (opposite) to vorticity & magnetic field

Pu, Gao, Liang, Wang & XNW, PRL 109 (2012) 232301



Quantum Kinetic Theory N
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Fang, Pang, Wang, XNW arXiv:1604.04036

Yo (p" — %iV“) Wi(z,p) =0,

Polarization density

. 3 B(Ep—p) B(Ep+u)
[“(z) = L pge dp' = — = 0
2 (2,”-)3 [ed(b,,' “Ja) + 1‘2 [e;i(b,,-y-y) + 1.2

1 3 1 B(Ep—p) B(Ep+p)
+ lnoppe [ 4P < e ,
2 (27)3 E, | [eP(Er—n) 4-1]2  [eB(Eptn) 4 1)2

Polarization on the freeze-out surface: 9 chemical potential

_dlI*(p)/d®p  h [dExp*Q°?p, frp(z,p)(l — frp(z, Pl
dp(p)/d®p  4m [ dEx\p* frp(z, p)
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In the unit of W
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Fang, Pang, Wang, XNW arXiv:1604.04036



Transverse gradient of longitudinal fluid
velocity in the HIJING model

Approximate BJ scaling
at y=0, no transverse gradient
in longitudinal fluid velocity,

BJ scaling violation at large y

or lower collision energy
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Gao, Chen, Deng, Liang, Q. Wang, XNW, PRC 77 (2008)044902



Vorticity from HIJING model N

Au+Au, ,/s=200(5e\( e}
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o 0.10} Au+Au
Global vorticity increases ~ 0.08f based on energy flow -
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Features of Global Hyperon Polarization ':”}IN
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* Hyperons & anti-hyperons are similarly polarized
* P,=0 in central and increases with b
* Increases with y at fixed collision energy

 Increase at lower energy at fixed y
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Transverse vorticity: Toroidal structure ,—N

Toroidal structure of transverse
fluid vorticity, in addition to the
global net vorticity

Pang, Petersen, Wang & XNW,
arXiv:1605.04024



(PL(d1)-PL(P2))

Transverse spin correlation

Pb+Pb @ 2.76 TeV (20-30%)
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Transverse spin correlation N
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vortex-pai

Longitudinal vorticity

Pang, Petersen, Wang & XNW, arXiv:1605.04024

Vortex Pairing
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Longitudinal spin correlation Q

Pb+ Pb @ 2.76 TeV (20-30%)
(b)
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Pang, Petersen, Wang & XNW arXiv:1605.04024 ,
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Longitudinal spin correlation %
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Pang, Petersen, Wang & XNW, arXiv:1605.04024



B

fluid velocity gradient or fluid vorticity leads to global
spin polarization

. = \
Summary f\\

Spin structure in QGP 1n A+A collisions

— Hyperon polarization, vector meson spin alignment,
contribution to vn (small)

Convective longitudinal flow induces toroidal structure
of transverse vorticity =2 transverse spin-spin
correlation

Convective radial flow of hot spots induces longitudinal
vortex-pairing =2 longitudinal spin-spin correlation
Study of spin polarization can shed light on transport
properties of QGP and hadronization mechanism
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Longitudinal structure in A+A N
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E-by-E 3+1D ideal hydro + HIJING initial condition

dN(event 0)

Pang & XNW (2013)



Longitudinal decorrelation of vn f\l
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Fluctuation and twist of the event plane
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Vorticity in convective fluid N
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Round Jet, Re;=5000

Ramis Orlu, 2009, Linné Flow Centre, KTH Mechanics
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Constraints via v2
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Spin Alignment of Vector Mesons %
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Recombination model

(1-F)(1-F) I-Ff _1 (1+F)(1+F)
P =3, PP TIYPR T3 AT T pp
+ 54 99 + 0
Fragmentation
First rank: q-bar anti-parallel to leading q
ete” = 7" —qq —=p +X
l+aP’ 1
Poo =7

- 2
3—05}2] 3



Other effects ceecer]
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Hadronic scattering: A+xt =2 A @

P,>0 P,<0

T, 1

M, =i(p,) [S(g) ro Gk W(q)] u(p)

Quark polarization due to Chromo-magnetic field? (Kharzeev' 04)

No global chromo-magnetic field € color correlation length
L ~ ry nside nuclei, L ~ 1/u 1n QGP

L~ 1/Q, in CGC
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Towards a numeric estimation at RHIC ‘:ﬁﬂ

Semi-central: b=R

c(s) =45 at RHIC (assume parton/hadron=2)
1

apy _ ~0.34 GeV/fm A%

dx 2c(s)R,

Ap.: 0.1GeV = u

“Small angle approximation” is NOT valid at RHIC.

We need to go beyond small angle approximation
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QK equation for massive fermions %
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Fang, Pang, Wang, XNW arXiv:1604.04036

(7;1 K* —m)W(z,p) =0, Spin quantized in a given direction
in the fermion’s rest frame

Al = m[B(po)n*(p, n) — 6(—po)n*(—p, —n)] 6(p* — m?)A,

1 ~f!(’
AE'I)(:I:,p) = —éhﬂ Po

v o,
d(Bpo)

2 . )
AS (27)3 Z s [0(°) frp(po — ps) + 0(—p°) fen(—po + ps)]

2 [ -
V= (2m)3 Z 0°) frp(Po — ps) + 0(—=1°) frn(—po + 1s)] -



Quantum Kinetic approach to CME/ /\ A
CVE and spin polarization i ‘
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Wignar function:

1 dIy Py |
Wn.f - / (2‘”)46 ' yw.'i(I{ )U($4 & )wn (.'I? ), :1:‘_:_ =r=x ll/

Quantum Kinetic equation

1.
Yu (pu L 52V"> W(Z:'p) - O? VH =0f — QF“,,(’);
1 , s O I 5.1 1 s
W = 1 F+iy°P 4+ 4"V, +v°v* A, + 50 Suv
G = /d4p1/“ = nut + Ew" + Eg B",
Gradient expansion:
js = f d*pal" = nzu” + Esw* + Eps BY.

Pu, Gao, Liang, Wang & XNW, PRL 109 (2012) 232301



Quark Scattering with fixed L, %
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A : final quark spin

Screened static potential model
With small angle approximation: q;<<p T P

M)L)L (q,)= ” (pf)A(qT)u ()

1
A(q,) =
(qT) q; + ‘le

Cl’O')L dqu dsz (K, ~G, )X 1 - -
= eI ZM M (k
d’x Tf(2.7t)2 (2m) 2 A (47) “f( r)

T A,

15 @ =k (ix p)
2E(E+m )

A

I, = g2 A°(g)A°(k,)
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Polarization in unpolarized collisions N
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L X8, = 7 mrad
-0ap- 8, = 10 mrad

aN = 1(1 +aP, cosb) 0 : angle of decay products
dcost 2 in rest fame relative to the
ot =0.642 polarization direction
Transverse polarized

N hyperons in unpolarized p
%- ﬁ%} k +p, pt+A collisions.
: i o |
< e 4 } ][ ;

[ 06, » 12 mrad

[ A8, = 20 mrad

L 08, =24 inrad
'y L IS v s -
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Hyperon Polarization in p+p, p+A N

* P\,P:, P
 P=0 for anti-A, €2 and anti-Q.

* increase with x,and py

<09 PZ ) Panti-Z >0).

anti-=»

 Weak A-dependence in p+A collisions.
 Measured in A+A at AGS: vanishes

Connection to single-spin /
asymmetry and spin-orbital D (Tﬁ/ / Yo
angular momentum coupling
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Constituent Quark Recombination \"'

Polarization of quarks

. .

Polarization of hyperons:

‘AT>=\/1/72(UTCIN —Lﬂa’T)ST

Constituent quark model: ‘Eo¢> _J1/6 [2S¢S¢u¢ _(S¢S¢ Lot )uT ]

(I=0, color anti-symmetric) ‘20T> _J1/6 [2qu%~¢ _ (uw rutd! )S¢ ]

2 _ 2
P =P P=4Pq‘Bs‘3Rqu P_.=4PS_P" SEL
Yot F 3-4PP 4P * 3-4PP+P’
2
P =P 5+ P

"3+ P
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Fragmentation Scenario N

Model: els
Only first rank hadron A /
(containing q with the same ] CT / ‘ / \/&2,;

initial polarization) 1s polarized

ok Lo

etee=>7"—>qg73 >N +X

n 1
p-p—" _ _
n+2f R =(4/F, "SPS)3(nS+2]g)
P.=P/3 _ _ 1
Q S PE (4nsPS fqu] ) 3(2nS +fs)

n, f, strange quark abundance relative to u, d in QGP and fragmentation



